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I. INTRODUCTION

Large, permanently-manned space platforms can provide exciting
opportunities for discoveries in basic plasma and geoplasma sciences. The
potential for these discoveries will depend very critically on the properties
of the platform, its subsystems, and their abilities to fulfill a spectrum of
scientific requirements. With this in mind, the planning of Space Station
research initiatives and the development of attendant platform engineering
should allow for the identification of critical science and technology issues
that must be clarified far in advance of Space Station Program implementation.
An attempt is made here to contribute to that process, with a perspective that
looks to the development of the Space Station as a permanent ly-manned
"Spaceborne Ionospheric Weather Station”. The development of this concept
requires a synergism of science and technology which leads to several critical
design issues. To explore the identification of these issues, the development
of the concept of an "Ionospheric Weather Station” will necessarily touch upon
a number of diverse areas, including:

1) System requirements and their hierarchy in experiment planning,

2) TIonospheric plasma physics and associated global-scale measurements
and modeling,

3) Needs for tethered subsatellites,

4) Concerns with vehicle and tethered satellite interactions with the
space environment, and

5) Scientific and engineering perspectives on the application of plasma
contactors.

These issues, seemingly unrelated, are indeed synergistic, and bear on the
planning for and application of the Space Station not only as an "lonospheric
Weather Station” but as a base for fundamental studies of plasma processes as
they might be implemented by any number of active experiments (e.g.,
controlled injection of energetic particle beams ). This overall synergism
will be developed in subsequent sections, treating first the natural space
station environment, the prediction and modeling of that environment, its
consequences in terms of active and passive experiments, and its accessibility
for comprehensive probing and attendant "Ionospheric Weather Forecasting"”.
The treatment will establish a number of requirements, including a need for
multiple-tethered subsatellites and environmental controls at the Space
Station and at the location of the individual subsatellites. The requirement
for environmental controls will concentrate on charge and current
neutralization processes, and the applicability of Plasma contactors.
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II. A HIERARCHY OF ISSUES

Table 1 presents a hierarchy of technology issues that encompasses the
planning of any spaceborne experiment. Issues at Level 1 address first-order
requirements, including the fundamental subsystem support functions of power,
thermal control, and information technology (e.g., data compression, storage,
and transmission techniques). The focus here is not on these issues, but
instead on "in-space operations”, which at Level 2 converges on aspects of
local scientific climatology, that is, on the sum total of prevailing
conditions that affect the proper execution of the scientific mission. These
concerns expand into TLevel 3 1issues, with scientific attention to the
availability of free-flying or tethered subsatellites, the natural, induced,
and controlled space environment, and the platform's adaptability to
scientific sensor requirements.

ITI. THE NATURAL ENVIRONMENT

With regard to the Station's natural geoplasma environment, reference is
made to Figure 1, an illustration of the ionospheric plasma densities and
associated phenomenological domains that would be encountered by the Station
in a polar orbit at F-region altitudes. (A polar orbit 1is the desired
configuration for an Ionospheric Weather Station.) Detailed discussions on
each of the ionospheric domains can be found elsewhere (Szuszczewicz, 1986),
while immediate purposes are served by a bdbrief sketch of encountered
conditions. The figure 1illustrates the broad range of plasma densities,
including peak values near 2(10°) cm™?® and minima near 10*% cm™3. (Minimum
values can approach 103 cm™ 3, depending on the altitude, season, and height of
the F,-peak.) The Figure also 1illustrates that the 1ionosphere can be
substantially disturbed, with phenomena including broad-scale 1irregularity
distributions (10's of kms to fractions of a meter) under nighttime conditions
of equatorial spread-F (Singh and Szuszczewicz, 1984; Kelley et al., 1982).
Similar irregularity distributions can be found at high latitudes on a nearly
24 hour-per-day basis (Singh et al., 1985; Rodriguez and Szuszczewicz, 1984;
Ossakow et al., 1984)., Only in the daytime hemisphere, at mid- and equatorial
latitudes, can conditions be described as "quiescent".

The following points are of relevance to the Space Station and planned
programs of research, engineering, and development:

1) Plasma densities can vary by three orders of magnitude on any given
orbit, with the 1lowest density regimes of particular concern 1in
dealing with the 1issue of spacecraft charging by natural energetic
particle fluxes at h_igh latitudes, by active beam 1injection

experiments, or by V x 8 forces. (More detailed discussions on this
issue will follow.)

2) The distribution of phenomenological domains offers limited periods of
time for on-board experiments which require or assume near-constant
ionospheric conditions. Near-constant conditions (in an orbit defined
by upper F-region ephemerides) may not be available for periods
extending beyond 15-20 minutes.
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Figure 1.

GEOMAGNETIC LATITUDE

Phenomenological illustration of ionospheric F-region densities and

irregularity domains in a noon-midnight meridian
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3) The "average" F-region domain is relatively well understood, but not
predictable on a day-to-day, hour-by-hour basis. For example, there
is currently no genuinely predictive capability for the occurrence of
equatorial spread-F, the location of the mid-latitude trough, the
diffuse auroral boundary, or the specifics of particle precipitation
events at high latitudes.

while the environment of the Space Station is not currently predictable in
the truest sense, the Station's orbit parameters allow for its consideration
as a permanently-manned solar-terrestrial monitoring system. Indeed, with
certain technological accomplishments (to be discussed), the Space Station can
be developed as an “Ionospheric Weather Station® with full capabilities to
diagnose and predict the global-scale ionosphere. Such a capability would not
only provide an important payoff in understanding the intricate role of the
ionosphere in the solar-terrestrial system, but it would render a
comprehensive description of the near-space environment applicable to ULF-EHF
communications and remote sensing systems.

ITII. IONOSPHERIC PREDICTION

To predict the global-scale ionosphere means to state in advance the
height profile of plasma density at any location at any time, and for any
combination of solar, interplanetary, and magnetospheric conditions. 1In this
sense, ionospheric prediction 1is a formidable goal, but one that the
scientific community can legitimately aspire to in the year 2000 and beyond.
Much work is already underway, with advances having been made in empirical and
first-principles modeling. The empirical models (e.g., Rawer, 1981; Chiu,
1975) are seasonally-, monthly-, and hourly-averaged, with scientific
intuition employed in the extrapolation of results to domains not covered by
the available data base. Most empirical models use the sunspot number as an
indicator of solar, interplanetary, and magnetospheric inputs to the overall
ionospheric system, and on the average the model representation of the
F,-region (particularly peak densities) is good. This is 1illustrated in
Figure 2 which presents a global IRI map of F,-peak densities (that is,
associated critical (plasma) frequencies) during solar maximum, near the

autumnal equinox. (IRI is the empirically-derived International Reference
Ionosphere of Rawer (1981)). The prescribed UT time is 0.0 hours and the
month 1is October. The contours enclose contiguous regions of lower-limit

plasma frequencies of the F, _peak (defined as foF,=8.9(103)/Neg(cm - 3). The IRI
results are in agreement with averaged topside sounder measurements (Matuura,
19793 Schunk and Szuszczewicz, 1986), and included in the illustration are
several intuitively satisfying features of the diurnal ionospheric behavior
and its control by the geomagnetic field. These features include the sunrise
enhancement of the peak density, its maximum towards the afternoon hours, and
its relative position following the southward excursion of the dip equator
across South America. (A brief editorial note of caution is added here to
advise the reader of the inadequacies of the IRI (and other comparable global
models) in its high-latitude prescription of density profiles. The averaging
process tends to be dominated by photoionization, and not by particle
precipitation events. Therein lies one of the more serious limitations of the
IRI.)
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Figure 2. Boundary contours for minimum values of P;-region critical
frequencies, foF, = 8.9( 10‘)/Ne(cm"], as derived from the model International
Reference Icnosphere, for sunspot maximum conditions {R=150) at UT = 0 hrs in
October. The plotted units of fo,F, are Miz
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The relative success in the IRI definition of world-wide f,F, profiles is
not matched in the E and P, domains where the data base is not as complete and
synoptic, and the phenomenologies still represent a complex unravelled issue
(see e.g., Szuszczewicz, et al., 1978). Available E and F, data are generally
gsite-specific, largely because these regions have not been routinely
accessible to orbiting spacecraft and associated synoptic data basing. This
deficiency in E- and F,-region data needs to be eliminated as a fundamental
requirement of programs in ionospheric physics, solar-terrestrial relations,
and communication sciences; and the requirement can be fulfilled if we look to
tethered satellite technology and the development of a permanently-manned
space platform as an Ionospheric Weather Station.

The problem of E- and F,-region definition is not unique to empirical
models, but 1is shared with the approaches of first-principle and
semi-empirical codes (e.g., Sojka and Schunk 1984, 1985; Anderson, et al.,
1985) Often, these codes do not include the E- and F,-regions, a testimony to
the complexity of the domains and the inadequate data base. This deficiency
is acknowledged and 1is being worked upon; and the first-principles and
empirical models are expected to make important advances in the upcoming solar
cycle, with their participation in concerted campaign efforts that link model
predictions with coordinated real-time observational programs. Two currently
active programs are the National Science Foundation efforts called GISMO and
SUNDIAL.

IV. THE WEATHER STATION CONCEPT

a. An Overview

Figure 3 presents a concepts drawing of an Ionospheric Weather Station
that could provide the necessary diagnostics complement for sSimultaneous E-,
F,-, and F,-region definition, networked into a worldwide ionospheric
prediction service. The primary platform is the Space Station, in polar orbit
at an altitude near 500 km, equipped with an on-board rf sounder for topside
ionospheric profile specification between the F,-peak and the station. The
concept definition also requires that the station be equipped with a
complement of "in situ" and optical diagnostics... particularly for the
definition of high-latitude precipitation patterns, convection electric
fields, and dynamics of the auroral oval.

The E and F, region data requirements would be satisfied with a tethered
quadra-satellite configuration draped to a low altitude limit at 100 km, with
each substation separated by approximately 10 km, and equipped with on-board
measurement capabilities for plasma density, and ion and neutral composition.

b. Relevant Issues Involving Local Environmental Controls

The mission concept advanced in Figure 3 presents some very pressing
technological issues... not the least of which is the difficult problem of
tethering a single subsatellite (i.e., a substation) to the 100 km altitude
(Baracat and Butner, 1986; Penzo, 1986). In addition, there are important

local environmental issues at the main platform and its substations... issues
that include gaseous effluents, electrical and magnetic contamination, and
uncontrolled potentials and surfaces. We focus here on the issue of
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uncontrolled potentials, and explore the associated implications of V x B
effects.

Table 2 1lists several simple formulae which address the quantitative
aspects of uncontrolled potentials, charging levels, currents, and sheaths.

Tethering a substation to 100 km could present some threatening
consequences. The application of equation 1a with (V, B, L) = (8 km/s, .25
gauss, 400 km) points to an 80 kv V x B potential difference between the main
station and the subsatellite. Even potentials orders of magnitude lower
present problems of 1limited ionospheric current neutralization, unusually
large sheaths, and spacecraft safety.

An indication of sheath sizes can be attained with the use of Equation 3
(Szuszczewicz, 1983) and the 1listing 1in Table 2 of related results for
ionospheric conditions corresponding to 1500°K and densities at 103 and 10
cm™3, The wide variation in densities is directly related to the spread
expected for the space station and its tethered satellites (see e.g., Figs 1
and 2). For a spacecraft potential of only 130 volts, the sheath size can
approach 7 meters in the low density limit; and at 1300 volts it approaches 21
meters. These are undesirable limits that also threaten the application of
energetic particle beam injection experiments from any space platform
(Winkler, 1980; Szuszczewicz, 1985; and Papadopoulos and Szuszczewicz, 1986).
This can be seen through applications of Equations 1b and 2 (Linson, 1982).
Equation 1b points to the fundamental limit of ionospheric current flow to a
spacecraft... nominally 1 ma of current to a 1 m? sphere with local plasma
densities at 10° cm™3. For an on-board experiment attempting to deliver a 1
ampere electron beam from a 1 meter spacecraft, Equation 2 would point to the
most severe charging rate in the range of several kv/microsecond.

There has been a continuing effort to control the development of these
large potentials and maintain the spacecraft at or near the 1local plasma
potential. Some success has resulted from improved concerns with vehicle
surface conductivities and expanded areas for current collection, but the
magnitude of the problem has brought about a focus on the application of
high-current on-board charged-particle sources, often referred to as "plasma
contactors” (e.g., Krishnan et al., 1977; Lidsky et al., 1962; and Hastings,
1986).

€. Vehicle Current and Potential Control: Plasma Contactors

One type of plasma contactor is the hollow-cathode discharge, illustrated
schematically in Figure 4. A thermionic electron emitter in the presence of a
relatively high neutral gas flow, such a device can produce plasma densities
upwards of 10** cm”™® near the cathode orifice (Davis et al., 1986; McCoy,
1986; Wilbur, 1986). The expansion characteristics of this Plasma (and its
associated "contactor” capabilities) are influenced by specific device design
considerations, the ambient plasma itself, and the local geomagnetic field.
The ideal contactor should provide large controllable currents of electrons
and ions at minimum applied fields in the cathode-anode region. Indeed, the
technology seems to be moving in that direction (J. McCoy, private
communication).
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TABLE 2
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Phenomenoclogical domains of hollow-cathode plasma interactions




While the ©bulk current-carrying characteristics of hollow-cathode
contactors have been receiving attention, there is a need for the development
of a detailed understanding of their intrinsic physical principles and the
physics of the interactions with the 1local ionospheric plasma and the
geomagnetic field. These interactions are critical to device performance and
to the perturbations that the device are surely to introduce in the vehicle's
near-space. The latter consideration bears on scientific requirements for
cold-plasma-particle and wave measurements of the natural space environment.
The science and technology of hollow-cathode contactor development must
address this issue. Pigure 4 presents a schematic view of the
phenomenological domains of hollow-cathode operation in a space plasma
environment. The cathode can be biased in either polarity with respect to the
spacecraft ground and its outer skin (assumed a conductor in contact with the
ambient geoplasma). The skin will itself be of either polarity relative to
the 1local plasma potential, and appropriate ionospheric currents will flow
across the spacecraft-associated sheath. The magnitude and polarity of this
potential difference will depend on ambient plasma conditions, the spacecraft
geometry and configuration, and the operation of on-board experiments (e.g.
particle-beam injection). Another current path to the payload (besides that
through the spacecraft sheath) is along and through the expanding
hollow-cathode plasma. That expansion Process, represented phenomenologically
by regions A,, A,, B, and D, governs the current carrying capabilities of the
hollow-cathode contactor.

The plasma production and expansion process begins with neutral gas flow
into the cathode at relatively high pressures, typically in the range 1-100
torr. Plasma is created inside the thermionically-electron-emitting cathode
and the neutral gas and plasma experience a choked flow as they pass through
the cathode's exit orifice into domain A,. In this phenomenological model, A,
is defined as the "Device Dominated Region" because the attendant pPlasma
brocesses depend crucially on the cathode characteristics and the
anode-to-cathode fields. 1In zero order,the expansion of the neutrals in A, is
thermal, while that of the charged particles is thermal with increasing drift
velocities imparted by the applied field. The domain ig collisional with
orifice plasma and neutral densities quoted at 105 and 1017 cm™3,
respectively (J. McCoy, private communication). The field in region A, can
impart a relative drift velocity between the electrons and ions, with the
electrons easily satisfying the Dricer field condition for the onset of
collective plasma effects and the Buneman instability (see e.g., Davidson et
al., 1970; Papadopoulos, 1977). This instability can turn on and off, heating
the electron population, destroying all assumptions of isothermality, and
affecting the plasma resistivity.

Exiting A,;, the source plasma can diminish to levels near 102 cm"?® where
it begins its exposure to a new electric field configuration resulting from
the potential difference between the anode and the ambient plasma (beyond the
sheath edge in region C). Region A, is dominated by the source plasma, which
by current estimates should have a high kinetic B, excluding the ionospheric
plasma and the geomagnetic field. A, is a transition region in which the
source plasma diminishes in dominance over the domain and its kinetic B drops
to unity. This is expected to occur over one-to-several meters, depending on
Prevailing conditions.
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The processes in regions A; and A, may be considered less complex than
those in region B, where counterstreaming source and ionospheric plasmas and
magnetic field effects must be taken into account. In region B, the magnetic
field controls the net electron emission or collection characteristics of the
contactor, and it is here that the payload is truly in "contact” with the
ionospheric plasma through the hollow-cathode discharge.

This discussion of plasma contactor operation is intended to expose the
synergism of science and technology... for the ultimate current delivering
capabilities and neutralizing effects on spacecraft potentials is dictated by
the plasma expansion and counterstreaming phenomena in the varied
phenomenological domains. While it appears justified to assume that
hollow-cathode technology will advance to the point of large current and
voltage neutralizing characteristics, the scientific requirements on any
number of missions (including the Ionospheric Weather Station) will demand
more from the characteristics of the hollow-cathode (or an alternate contactor
design) than current or voltage neutralization. There are serious issues with
the effects of the hollow-cathode on the local plasma, for the neutral gas
flow is a contaminant in its own right and so will be the anticipated
electrostatic noise characteristics of the device (e.g. Pirre and Berthelier,
1980). Application to beam-injection experiments is a case in point, where
accumulating studies have discovered a broad spectrum of waves, ranging from
10's of Hertz to 10's of MH=z. Continued studies would prefer no confusion
introduced by the wave spectrum of a plasma contactor. A quality contactor
(e.g. large currents and low electrostatic noise) could help immensely with
continued e-beam experiments, and in the emerging era of neutral particle
beams which carry their own energetic charged-particle components.

d. Contactor and Tether-Technologies, and the Ionospheric Weather Station

Should plasma contactor and tethered subsatellite technology make the
appropriate advances, the Ionospheric Weather Station could become a reality.
Configured as suggested in Figure 3, and adopting appropriately modified
sensor techniques, the concept development would require 2 polar-orbiting
space stations at an altitude of 500 km (or higher) in noon-midnight and 4
a.m., - 4 p.m. synchronous orbits. These stations would be equipped with
particle and field detectors, auroral imagers, topside rf sounders, and
tethered quadra-substations with "quiet"™ contactors and on-board measurement

capabilities for plasma density and ion and neutral composition. The
substation detectors would themselves require some developmental effort, in
order to cope with pressure fields in the low-altitude drag regime. The

comprehensive data set would then be networked into a global ionospheric
prediction service which would archive the accumulating data base, test and
validate first-principles and empirical codes, and extrapolate results in an
ionospheric weather forecast mode.
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